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Four cone pigments in women heterozygous for color
deficiency
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We find that additivity of trichromatic color matches holds, even in parafoveal vigion, for most ohservers if rods
are prevented from seeing the stimuli. Some heterogygous women are exceptions. The failure of the additivity
law for these women implies that their eyes contain more than three types of cone with different spectral sensitivi-

Lies,

It is generally accepted that human color matching is tri-
chromatic (requires three primaries) because there are three
tvpes of cone, each containing one visual pigment. A color
match between two stimulus fields is thought to be deter-
mined at the receptor level where the rate of quantum ab-
sorption by each of the three cone pigments must be equated
to obtain a color match. Since there are three cone pigments,
a get of three primaries is required to match any given light,
A fundamental law of color matching, which follows directly
from this view, is the law of additivity (known alzo as Grass-
mann's third law). Additivity means that, if the same light
is added to two stimulus fields that match in color appearance,
the resulting mixtures will match in color appearance. The
color match is not upset because the addition of the same light
to both helds does not upget the equality of quantum ah-
sorptions for each of the visual pigments.!

The additivity law holds quite well for small visual fields
presented to the rod-free foveal area, but it typically fails in
the parafovea, in which rods as well as cones may see the
stimuli.* Recent evidence suggests that the breakdown is due
to the involvement of signals {rom rods (as well as from the
usual three types of cone) in the match.? In support of this
view we find that additivity holds in the parafovea of most
ohservers if rods are prevented from seeing the stimuli
However, the law does not hold for some women who are
heterozvgous for red-green color deficiency. Although their
color vision is relatively normal, these women carry abnormal,
as well as normal, genes for color vision, It is now well es-
tablished that there are two loci on the X chromosome in-
valved in red-green color vision. Each locus is thought to
determine the nature of the visual pigment contained in one
of the two red-green sensitive cones.® Since women have two
X chromoesomes, they may be heterozygous and carry two
different alleles at either of theze loci. Hecent developments
in genetics suggest that when this happens, each cell is in-
fluenced predominantly by one allele, with the predominant
allele varving [rom cell Lo cell ® resulting in the production of
more than three types of cone photoreceptor cells with dif-
ferent visual pigments. The failure of additivity for some
heterozygous women means that, for them, subjectively sim-
ilar colors may differ in their effects on the cones, and this in

turn means that their eves must contain more than three types
of cone, However, because these women accept trichromatic
matches, the cones must feed signals into only three neural
channels.

In our experiments we asked observers to make Rayleigh
matches® between two halves of a large annular field presented
to the parafovea. A uniform mixture of red (660-nm) and
green (546-nm) lights in the wpper half of the field was
matched to a yellow light (588 nm) in the lower half. The
wavelengths were chosen to avoid any significant stimulation
of the short-wavelength-sensitive cones. Therefore only two
primaries were required to match the 588-nm light. We used
the large annular test configuration to obtain matches that
werTe as precise as possible.”

In order to prevent the rods from seeing the stimuli,
matches were made during the cone plateau period after ex-
posure to a bright bleaching light. During this period cones
have nearly completely recovered from the bleach, but rods
are still too insensitive to detect the test stimuli® Ohbservers
made matches under three experimental conditions: (1) with
no background light present, (2) with a concentric blue
background light (455 nm) superimposed over both halves of
the test field, and (3) with a red background light (670 nm)
superimposed over the test field® Under each experimental
condition the experimenter determined the set of BE0-546-
nm-mixture ratios that was judged to be a perfect color match
to the 588-nm light.'" The additivity law predicts that the
G60-546-nm mixture that matches the 588-nm light should
not be altered by superposition of the backgrounds. [If some
of the settings that were acceptable as a match with no back-
ground present were also acceptable with a background
present, we concluded that additivity held for that observer
within the limits of his color discrimination. If none of the
mixtures that were acceptable with no background present
was accepled on the background, we concluded that additivity
failed for that observer,

Nineteen men and twenty-one women served as observers.
The RHayleigh matches of all 40 in the no-background condi-
tion fell within the normal range, but 19 of the 21 women were
recruited because they reported some incidence of red-green
color deficiency in their families, suggesting that they might
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Fig. 1. 'The log of the ratio of the red and green primaries needed for
a mateh in the three conditions is plotied relative to the log ratio in
the no-hackground condition. The uppermost two curves are the
mean midpoints and mean ranges for ohservers who show no addi-
tivity failure. The four lower curves are the individual midpeints and
ranges of the women for whom additivity fails.

he heterozvgous. Whereas the luminosity functions of het-
erozygous women sometimes differ from normal, their Ray-
leigh matches generally fall within normal limits.!!

Using the criterion deseribed above, we found that addi-
tivity held for all 19 men and 17 of the 21 women. Mean re-
sults for these two groups are shown in the upper half of Fig.
1. Each vertical line segment indicates the range of mixture
ratios acceptable as a perfect color match to the 588-nm light
for each condition for each group. The filled circles indicate
the mean midpoint of the range of mixtures acceptable as a
mateh. Within each group the mean midpoints for the three
experimental conditions do not differ from one another sig-
nificantly (p > 0.10 on a T test for related means). Additivity
holds extremely well for both groups, confirming that the
failure typically found in the parafovea is due to the involve-
ment of rod signals in the match.** The additivity of tri-
chromatic matches in cone vision implies that in these ob-
servers only three different visual pigments are operative and
that there is no appreciable variation in the spectral sensitivity
from cone to cone in a given observer’s eye.'?

Individual results from the four heterozygous women for
whom additivity fails are shown in the lower half of Fig. 1.
Three of these women reported color-deficient fathers, and
the fourth, 1G, reported a color-deficient brother and maternal
srandfather, suggesting that her mother was a carrier. The
line segments again indicate the range of mixtures acceptable
as a match, and the filled circle indicates the midpoint of the
range. For each of these women the range of acceptable
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mixture ratios with no background present does not overlap
the set of acceptable mixture ratios on one or both of the
backgrounds, indicating that two fields that match with no
background present become distinguishable when the back-
ground is added. This result is a clear violation of the addi-
tivity law.

In experiments with small foveal fields, we have been unable
to demonstrate the failure of additivity for these four women,
partly because of reduced discrimination with the smaller field
size and partly because the shifts in the match (if any) are
fewer with the small field than with the large field. However,
unpuhblished observations on one heterozygote by Alpern in-
dicate a failure of additivity even in foveal observation. 19

The failure of the additivity law in these women means that
their eyes contain more than the usual three cone pigments;
presumably they contain the three normal cone pigments plus
an anomalous pigment corresponding to the abnormal gene
that they carry. Signals generated by the four cone pigments
must be fed into only three independent neural channels,
however, since there appears to be no evidence to suggest that
heterozygous women can reject trichromatic matches,!' The
fact that all the heterozyvgous women were able to make ac-
ceptable Rayleigh matches with only two primaries is further
support for this assumption. The trichromatic color matches
of these individuals must be determined at the level of the
three independent neural channels, not at the receptor level,
where the rates of quantal absorption by each of the four
pigments will generally be unequal for a trichromatic match.
Superposition of the red (660-nm) and blue (455-nm) back-
grounds would be expected to upset the color matches of such
a visual system, since they would be expected to adapt dif-
ferent types of cones differentially, resulting in a change in the
spectral sensitivities of the neural channels at the level at
which the match is determined.’ Changes in the spectral
sensitivities of the neural channels would generally disrupt
the equality of signals from the two fields that had been
matched, resulting in a breakdown of the match.!

Nevertheless, it is clear that additivity holds for 15 of 19
women who reported histories of color deficiency in their
families. Why does additivity hold for them? Four of the
15 reported information suggesting that their mothers were
heterozygous carriers. Each of these four women has a
probability of only 0.5 of being heterozygous carriers herself,
since she could have inherited either a normal gene or an ab-
normal gene from her mother with equal probability. How-
ever, the other 11 reported that their fathers were red-green
deficient, and these 11 should therefore have been heterozy-
gotes. Additivity failure requires the presence of a cone type
sufficiently deviant from normal in spectral sensitivity (and
sufficiently zensitive) to register a distinetion for lights
matched from normal cones. Among red-green color defi-
cients, only some, known as simple anomalous, can reject
normal matches, Thus it may be that only carriers of simple
anomaly have an abnormal cone type that is sufficiently de-
viant and sensitive enough to result in an additivity break-
down. Heterozygotes for other forms of red-green deficiency,
stich as dichromacy, might not be expected to show failure of
additivity.)® On this argument it might be expected that the
proportion of women who show additivity failure in our
sample should be higher since simple anomaly is the most
common form of red-green deficiency. Our recruitment
procedure, an advertisement in the campus newspaper, re-
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gquested male color deficients as well as female carriers, and
only 4 out of 26 color-deficient males were simple anomals.
This low proportion is presumably due to the fact that simple
anomals are less often aware of their deficiency, By the same
argument, carriers of simple anomaly are less likely to be
aware of color deficiencies in relatives and thus less likely to
respond to the advertisement,

Owr results can be interpreted as evidence that Lyonization,
or X inactivation,” does occur for the X-chromosome loci that
control development of the red-green-sensitive visual pig-
ments.  In Lyonization either the maternal or the paternal
X chromosome randomly determines the development of a
given cell in a heterozygous female, whereas the other chro-
mosome in that cell is inactivated. Lyonization has been
demonstrated for several loci on the X chromosome, but there
is evidence that it may not occur at all sites.'5 Prevous at-
termpts to determine whether it occurred at the loci for red-
green color vision have met with only limited success. 1t Al-
though other interpretations of the additivity failure may be
possible,® the fact that it occurred only in heterozygous
women, coupled with the evidence for Lyonization, strongly
suggests that it is due to the presence of at least four cone
types.

This research was supported by National Institutes of
Health grant EY01541 to Robert M. Bovnton and by National
[nstitutes of Health grant EY01711.
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. The bleaching field, which was 16 in diameter with a retinal il-

[uminance of 6.6 log scotopic trolands, was obtained from a T50-W
Kodak projector with a 500-nm interference filter taped over the
lens. The ohserver placed his eye near the front of the lens and
looked into the light beam for 10sec. T'wo control experiments
were done to determine the stimulus presentation interval.
Thresholds for the test stimuli were determined after a hleach
in order to determine when the cones had recovered from the
bleach and when the rods became sensitive enough to determine
the threshold, Cones had recovered 3 min after the hleach, but
extrapolation of the rod branch of the threshold curve upward
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of the feld becomes much less saturated than the monochromatic
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L0 min alter the bleach, Therefore we asked observers to make
matehes between the third and the tenth minute after the bleach.
The matches made were stable throughout this interval,
Bleaches were repeated to obtain a sufficient number of obser-
vations from each observer.
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cular graded neutral filter,  The observer then reported whether
the match was a perfect celor mateh or whether the upper half
of the field was redder or greener than the lower half of the field.
This procedure was repeated until the experimenter had deter-
mined values of the mixture ratio that could be diseriminated
reliably from the 538-nm field and values that could not.

See K. A, Crone, “Spectral sensitivity in color-defective subjects
and heterozvgous carriers,” Am. J, Ophthalmol. 48, 231-248
11959); M, lkeda, K. Hukami, and M. Urakubo, “Flicker pho-
tometry with chromatic adaptation and defective color vision,”
Am. .J. Ophthalmol, 73, 270-277 (1872) for evidence supporting
this statement. However, see also H. L, DeVries, “The funda-
mental response curves of normal and abnormal dichromatic and
trichromatic eyes,” Physica XIV, 367-380 (1948). DeVries ap-
preaers to be the first to suggest that heterozygous women moy have
four cone pigmenis. He also sugpested they might be tetra-
chromatic, that is, they might reject all trichromatic matches.
Our resulis, however, suggest they are trichromatic like normal
observers.

Any variability in absorption spectrum among cones of the same
type should generate minor additivity failure even in normal
ohservers. With the help of plausible assumptions, additivity
data like these can be uged to compute o constraint on the extent
of such variability. These data permit the conelusion that the
three absorption spectra of normal vision are replicated with high
precizion from cone to cone, [T Weber's law is assumed to hold
at the level of the cones, an adapiing light of {say) long wavelength
will bias sensitivity in favor of those individual cones with shorter
than average Ay,,. This will shorten the efective Ay of each
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cone type by an amount proportional to both (1) the varianee of
the distribution of Agae in that cone type (assumed Gaussian) and
(2} the slope of the spectral sensitivity curve at the adapting
wavelength. The ratio of red to green light required for a mateh
in our apparatus increazes by about 0,033 log unit/nm reduction
in the Myae of either red- or green-sensitive cones [compare J.
Pokorny, V, C, Smith, and [. Katz, *Derivation of the photopig-
ment absorption gpectea in anamalous trichromats,” J. Opt. Soc.
Am. 63, 232-237 (1973)]. In our blue- and red-adapted condi-
tions, the measured ratios for the 36 nonshifting observers difl-
fered by less than 0,01 log unit (30% confidence interval is
0.001-0.018 log unit). It follows that changes in effective Amax
because of adaptation did not exeeed 0.25 nm. The corre-
sponding upper limit for the standard deviation of M.y for cones
of a given type is only 1.6 nm. Unfortunately, the Weber's law
assumpion hag not been tested for our conditions, so further work
on this point would be desirable.
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